Lipoteichoic acids (LTA) from various gram-positive bacteria, including oral streptococci such as Streptococcus sanguis, enhanced the production of hepatocyte growth factor (HGF) (scatter factor) by human gingival fibroblasts in culture, whereas lipopolysaccharides (LPS) from various gram-negative bacteria did not. In contrast, LPS induced interleukin 1 activity in human gingival epithelial cells in culture, while LTA had little effect. LTA and recombinant human interleukin 1␣ enhanced synergistically the production of HGF/SF in human gingival fibroblast cultures. Recombinant human HGF, in turn, enhanced the proliferation of human gingival epithelial cells in culture.
Human hepatocyte growth factor (HuHGF) was first purified from the plasma of patients with fulminant hepatic failure as a hepatocyte-specific growth factor (16) , then cDNA for HuHGF was cloned from a cDNA library of human placenta (29) , and recombinant HuHGF showed the same biological activity as the native HuHGF on rat and human hepatocytes in culture (39) . On the other hand, HuHGF has been found to be the same protein as the scatter factor (SF) (15, 46) , which enhanced the motility of epithelial cells. HuHGF/SF exhibits various biological activities, such as mitogenic (20, 23, 27) , motogenic (15, 27, 38) , and morphogenic (30, 31) , on epithelial and endothelial cells and tumor cytotoxic effects (37) (for reviews, see reference 17). On the other hand, several cell lines of mesenchymal origin have been shown to produce HuHGF/ SF (17) . We have previously reported that human gingival fibroblasts also produce HGF/SF, and the production is enhanced by inflammatory cytokines, such as interleukin 1␣ (IL-1␣), IL-1␤, and tumor necrosis factor alpha (42) . Periodontal tissues are markedly colonized by oral bacteria. Lipoteichoic acid (LTA) and lipopolysaccharide (LPS) are widely distributed and ubiquitous cell surface amphiphiles of gram-positive and -negative bacteria, respectively, and these components share various biological activities (47) . Streptococci and lactobacilli are important constituents of normal flora of the oral cavity; Streptococcus sanguis is a dominant species in dental plaques (18) . Most of these gram-positive bacteria possess LTA (9) . By contrast, in the inflamed gingiva, the number of gram-negative bacteria is increased (33) . Therefore, gingival cells may be exposed to LTA and LPS as well as inflammatory cytokines in inflamed conditions.
In this study, we demonstrated that LTAs from various bacteria, including oral streptococci, enhanced the production of HGF/SF in human gingival fibroblasts and that human gingival epithelial cells produced IL-1 upon stimulation with LPS. We also found that IL-1␣ and LTA induced synergistically HGF/ SF production in human gingival fibroblasts in culture. We further examined the effects of HGF/SF on gingival epithelial cells and found that recombinant HuHGF (rHuHGF) enhanced DNA synthesis by human gingival epithelial cells.
MATERIALS AND METHODS
LTA, LPS, and cytokines. LTA specimens prepared from S. sanguis, Streptococcus mutans, Streptococcus pyogenes, Streptococcus faecalis, Staphylococcus aureus, and Bacillus subtilis were purchased from Sigma Chemical Co. (St. Louis, Mo.). LTA prepared from Lactobacillus plantarum ATCC 155 was a gift from S. Kokeguchi (Okayama University Dental School, Okayama, Japan). To examine the contamination of these LTA preparations with extraneous LPS and peptidoglycan/␤-glucan, a colorimetric Limulus test (Endospecy test; Seikagaku Co. Ltd., Tokyo, Japan) (34) and a recently developed SLP test (Wako Pure Chemicals, Osaka, Japan) utilizing a prophenol-oxidase cascade in silkworm larva plasma, which is activated specifically with bacterial peptidoglycan and fungal ␤(1-3)-D-glucan (2), were carried out (Table 1 ). Among the LTAs tested, S. faecalis LTA exhibited marked activity in the Limulus and SLP tests. To obtain a purified LTA without LPS and peptidoglycan/␤-glucan, the commercial LTA of S. sanguis was subjected to hydrophobic interaction chromatography on an OctylSepharose CL-4B (Pharmacia, Uppsala, Sweden) column according to the method of Fischer et al. (10) . A single peak fraction thus obtained ( Fig. 1 ) was lyophilized and used as a purified LTA in some experiments. The purified LTA had little activity in both the Limulus and SLP tests (Table 1 ). An ultrapurified LPS prepared from Salmonella abortusequi (Novo-Pyrexal) (14) was a gift from C. Galanos (Max Planck Institut für Immunbiologie, Freiburg, Germany). Various chemotypes of LPS prepared by the PCP method (13) from Salmonella minnesota R60 (Ra mutant), S. minnesota R345 (Rb mutant), S. minnesota R5 (Rc mutant), S. minnesota R7 (Rd1 mutant), S. minnesota R3 (Rd2 mutant), and S. minnesota R595 (Re mutant) were also supplied by C. Galanos. Synthetic Escherichia coli-type lipid A, LA-15-PP (compound 506), was purchased from Daiichi Chemical Co. (Tokyo, Japan). rHuIL-1␣ (lymphocyte activating activity, 2.3 ϫ 10 7 U/mg of protein) (12) was supplied by Dainippon Pharmaceutical Co. (Osaka, Japan). rHuHGF (48) was provided by Takehisa Ishii, Mitsubishi Chemical Co. (Yokohama, Japan).
Cells and culture conditions. Specimens of healthy human gingival tissue were obtained from a patient (female, 8 years old) during a fenestration procedure. The specimen was cut into pieces, and fibroblasts were prepared as described previously (41) . Briefly, the explants were cultured in alpha minimal essential medium (␣-MEM) (ICN, Amsterdam, The Netherlands) supplemented with 10% fetal bovine serum (FBS; GIBCO Laboratories, Grand Island, N.Y.), 200 g of kanamycin (Meiji, Tokyo, Japan) per ml, and 0.25 g of amphotericin B (Fungizone; GIBCO) per ml at 37ЊC in a humidified atmosphere of 5% CO 2 in air with a medium change every 3 to 5 days until confluent cell monolayers were formed. After three to four subcultures, homogeneous, slim, spindle-shaped cells growing in characteristic swirls were obtained. These fibroblasts were used throughout the experiments. Healthy human gingival tissue was also obtained from a patient (female, 10 years old) during enucleation of wisdom teeth, cut into pieces, and cultured in keratinocyte-serum-free medium (GIBCO) containing bovine pituitary extract (0.05%, vol/wt) and human epidermal growth factor 1-51 (recombinant from E. coli, 820 M) supplemented with 200 g of kanamycin per ml and 0.25 g of amphotericin B per ml with a medium change every 3 to 5 days until confluent cell monolayers were formed. After three passages, the cells were identified by immunostaining with anti-cytokeratin type I and II antibodies (Funakoshi, Tokyo, Japan). Human gingival epithelial cells obtained in this manner (Fig. 2) were used in this study. The human melanoma A375S2 cell line, which is highly sensitive to the cell growth inhibitory activity of IL-1 (32), was supplied by T. Koga (Kyusyu University Faculty of Dentistry, Fukuoka, Japan).
Determination of HGF/SF in fibroblast culture supernatants. Fibroblasts (2 ϫ 10 4 ) were seeded into each well of a 96-well culture plate in 100 l of ␣-MEM supplemented with 10% FBS and 200 g of kanamycin per ml. After overnight cultivation, the cells were washed and the medium was changed to ␣-MEM supplemented with 1% FBS and 200 g of kanamycin per ml. Then, the cells were cultured in triplicate with test materials for 24 h. The triplicate supernatants were collected and stored at Ϫ20ЊC until use. The concentrations of immunoreactive HGF/SF in culture supernatants were determined in duplicate by a commercial enzyme-linked immunosorbent assay (ELISA) kit (Otsuka Pharmaceutical Co., Tokushima, Japan) originally described by Tsubouchi et al. (45) . The assays were performed according to the manufacturer's instructions, and the data were calculated from a standard curve prepared for each assay.
Measuring IL-1 activity. Human gingival epithelial cells were cultured in a 96-well culture plate with or without stimulants, and the supernatants were collected. IL-1 activity in culture supernatants was measured in terms of the inhibitory effect on proliferation of A375S2 cells in vitro as described by Nakai et al. (32) , with slight modification. Briefly, A375S2 cells were cultured for 24 h at a density of 10 4 cells per 100 l per well in ␣-MEM containing 10% FBS and 200 g of kanamycin per ml. Then, diluted test supernatants (25 l) were added to the wells in triplicate. After a further 24 h of incubation, the medium was discarded, and the remaining viable cells were fixed and stained with 2% formaldehyde containing 0.2% crystal violet. The intensity of staining was measured with a microplate reader (Well Reader SK 601; Seikagaku Co.) at a wavelength of 595 nm. The dilution of test specimens that caused a 50% inhibitory proliferation of cells was determined from a titration curve. IL-1 activity in test specimens was expressed in nanograms per milliliter and was estimated from the ratio of a 50% inhibitory proliferation dose of the test specimen to that of standard rHuIL-1␣ (Dainippon Pharmaceutical Co.).
Northern (RNA) blot analysis. Northern blot analysis was performed as described previously (42) . Briefly, cDNA for HuHGF was excised with HindIII and BamHI, and cDNA for glyceraldehyde-3-phosphate dehydrogenase, which was provided by S. Sakiyama (Chiba Cancer Center Research Institute and Hospital, Chiba, Japan) (44), was excised with EcoRI. The cDNAs were purified from vector sequences by agarose gel electrophoresis and then labeled by using random primers, fragments from Klenow enzyme (labeling grade; Boehringer Biochemicals, Mannheim, Germany), and [␣- 32 P]dCTP according to the method described by Feinberg and Vogelstein (8) . The specific radioactivity of labeled cDNA was 1 ϫ 10 8 to 5 ϫ 10 8 cpm/g of DNA. After experimental treatments with test materials, total cellular RNA was extracted from about 6 ϫ 10 6 cells (one 150-mm-diameter plate) by the acid guanidinium thiocyanate-phenol-chloroform method as described by Chomczynski et al. (5) . Total RNA (20 g per lane) was electrophoresed in 1.2% agarose gel in 0.66 M formaldehyde and transferred electrophoretically to a nylon membrane (Zeta-Probe; Bio-Rad, Hercules, Calif.) as previously described by Thomas (43) . The membrane was hybridized with 32 P-labeled HuHGF cDNA as a probe and washed according to the protocols for reduction of background as recommended by Bio-Rad. The blots were exposed to an imaging plate for 1 h for analysis with an imaging analyzer or exposed to X-ray film at Ϫ80ЊC for several days for autoradiography. Equal loading in lanes was checked by successive hybridization with 32 P-labeled glyceraldehyde-3-phosphate dehydrogenase cDNA by the method of Sambrook et al. (36) . Photographs of the imaging plates were analyzed by a Bioimaging analyzer (model BAS-1000 Mac; Fujifilm Inc., Tokyo, Japan). Statistical analyses. In most assays, the mean Ϯ standard error of the mean was obtained, and the statistical significance of the difference between each test and its respective control was examined by Student's t test. In some experiments, analyses of variance on the interaction between LTA and IL-1␣ were carried out to examine the synergistic effect of the agents.
RESULTS
HGF/SF production by human gingival fibroblasts stimulated with LTA. We first examined the effect of LTA and LPS specimens on the production of immunoreactive HGF/SF by human gingival fibroblasts. As shown in Fig. 3 , various LTA specimens stimulated the secretion of immunoreactive HGF/ SF by the fibroblasts. In particular, S. sanguis LTA greatly enhanced HGF/SF production by human gingival fibroblasts; the level was higher than that induced by 10 ng of rHuIL-1␣ per ml. Other LTAs had activities comparable to or slightly less than that of rHuIL-1␣. LPS prepared from S. abortusequi had no effect on human gingival fibroblasts. Various chemotypes of LPS of S. minnesota and the synthetic E. coli-type lipid A also had little activity (data not shown).
IL-1 production by human epithelial cells stimulated with LPS. IL-1 is present in the inflammatory periodontal tissue (4, 22, 26) . Human gingival fibroblasts are capable of producing IL-1 upon stimulation with cytokines such as IL-1␣, IL-1␤, and tumor necrosis factor alpha (24, 41), whereas they did not produce IL-1 when they were treated with the LTAs and LPSs noted above (data not shown). Thus, we examined the IL-1-inducing activity of LTA and LPS in human gingival epithelial cell cultures. LTAs, except those of S. sanguis and S. faecalis, did not induce IL-1 activity in human gingival epithelial cell cultures, whereas LPS of S. abortusequi induced marked IL-1 activity (Table 2) . LTA from S. faecalis was suspected to be FIG. 1. Hydrophobic interaction chromatography of a commercial LTA from S. sanguis on an Octyl-Sepharose column. The LTA specimen was subjected to hydrophobic interaction chromatography on an Octyl-Sepharose CL-4B column (1.8 by 12 cm) equilibrated with 0.1 M sodium acetate buffer (pH 4.5) containing 15% propan-1-ol. The column was successively eluted with the buffer described above and a linear gradient of 15 to 70% propan-1-ol in the same buffer. Fractions (2 ml each) were collected and monitored by their phosphorus content according to the method of Bartlett (3) with a slight modification. The fraction indicated by the bar was pooled and used as a purified LTA. considerably contaminated with LPS on the basis of the data from the Limulus test (Table 1) . Synergistic effect of LTA and IL-1 on human gingival fibroblasts to produce HGF/SF. The human gingival fibroblasts stimulated with both S. sanguis LTA and rHuIL-1␣ secreted a several-times-larger quantity of HGF/SF than those stimulated with the LTA or with rHuIL-1␣ alone (Fig. 4) . A significant result for the synergistic effect of LTA and IL-1␣ on HGF/SF production was obtained by analysis of variance including an interaction term. Similar results were obtained with LTAs from S. faecalis and L. plantarum (data not shown). By contrast, the synthetic E. coli-type lipid A did not augment the activity of rHuIL-1␣ (data not shown). We further examined the HGF/SF production by the fibroblasts stimulated with the purified LTA of S. sanguis in the presence or in the absence of IL-1␣. As shown in Fig. 5 , the purified LTA significantly enhanced HGF/SF production and exhibited synergistic effects with IL-1␣. Next, we extracted total RNA from human gingival fibroblasts stimulated with the crude S. sanguis LTA and/or rHuIL-1␣ and carried out Northern blot analysis to determine the levels of HuHGF mRNA expression. As shown in Fig. 6B , in the cells stimulated with LTA alone, the levels of HuHGF mRNA expression increased dose dependently. In cells treated with S. sanguis LTA and rHuIL-1␣, the levels of HuHGF mRNA expression were more than additive.
Effect of rHuHGF on the DNA synthesis by human gingival epithelial cells. We next examined the effect of rHuHGF on DNA synthesis by human gingival epithelial cells. (Fig. 7) . DNA synthesis in the cells reached a peak at a concentration of 10 ng/ml of rHuHGF.
DISCUSSION
Previously, we demonstrated that human fibroblasts stimulated with inflammatory cytokines such as IL-1␣, IL-1␤, and tumor necrosis factor alpha exhibited enhanced production of HGF/SF. In this study, we found that bacterial LTA enhanced the production of HGF/SF by human gingival fibroblasts. Furthermore, LTA and IL-1␣ enhanced synergistically the production of HGF/SF. The physicochemical properties and distribution of LTA in gram-positive bacterial cells are similar to those of endotoxic LPS of gram-negative bacteria. Therefore, several investigators suggested that LTA has LPS-like bioactivities (47) . However, bacterial endotoxin did not enhance the production of HGF/SF in our assay system. The most active LTA in this study was that prepared from S. sanguis, which is the dominant bacterium in the oral cavity (18) , especially in the early stage of dental plaque formation, and was suggested to be associated with gingival health (7, 33) . HGF/SF is a mitogen and motogen on epithelial cells (20, 23, 27, 38) . We found that gingival epithelial cells produce IL-1 in response to LPS. This inflammatory cytokine stimulated fibroblasts to produce HGF. Therefore, gingival fibroblasts stimulated by LTA released from oral streptococci represented by S. sanguis in the pres- ence of inflammatory cytokines may produce a larger amount of HGF/SF, which in turn stimulates gingival epithelial cells to proliferate and migrate to protect periodontal tissues against bacterial invasion. Furthermore, HGF/SF was suggested to activate osteoblastic cells (21) and stimulate the bone-resorptive activity of osteoclasts in the presence of osteoblastic cells (11) . Therefore, HGF/SF produced by gingival fibroblasts may be involved in the pathogenesis of periodontal diseases. In this context, an immunomodulator extracted from periodontal disease-related Prevotella intermedia with hot phenol-water, which is different from endotoxin, also enhanced the production of HGF/SF by human gingival fibroblasts (40) . Thus, HGF/SF, like other cytokines, may be involved in both destructive and Experimental conditions were the same as described in the legend to Fig. 2 , except for stimulants and their concentrations, which are indicated. Triplicate culture supernatants were collected, and the concentration of HGF/SF was determined by an ELISA in duplicate assay. Standard errors of the mean were less than 15% of the respective mean value. ‫,ء‬ ‫,ءء‬ ϩ, and ϩϩ, significantly different from the respective control ‫ء(‬ and ‫,ءء‬ rHuIL-1␣-alone control in the case of synergistic experiments or medium-alone control in the case of LTA-alone experiments; ϩ and ϩϩ, LTA-alone control in the case of synergistic experiments or medium-alone control in the case of rHuIL-1␣-alone experiments) as determined by Student's t test ‫ء(‬ and ϩ, P Ͻ 0.05; ‫ءء‬ and ϩϩ, P Ͻ 0.01). A significant result (P Ͻ 0.01) for the synergistic effect of LTA and IL-1␣ on HGF/SF production was obtained by analysis of variance including an interaction term.
FIG. 5. HGF/SF secretion from human gingival fibroblasts stimulated with a purified LTA from S. sanguis and/or rHuIL-1␣. Experimental conditions were the same as described in the legend to Fig. 2 . ‫,ء‬ ‫,ءء‬ ϩ, and ϩϩ, significantly different from the respective control ‫ء(‬ and ‫ءء‬ medium-alone control; ϩ and ϩϩ LTA-alone control) as determined by Student's t test ‫ء(‬ and ϩ, P Ͻ 0.05; ‫ءء‬ and ϩϩ, P Ͻ 0.01). A significant result (P Ͻ 0.01) for the synergistic effect of LTA and IL-1␣ on HGF/ SF production was obtained by analysis of variance including an interaction term. reparative phases in periodontal diseases under different physiological and pathological conditions. Most LTAs used in this study were commercial ones and were contaminated with endotoxin. The activity of S. faecalis LTA to induce IL-1 in gingival epithelial cell cultures may be derived from the endotoxin in the preparation. In the fibroblast cultures, the contamination of the preparation with endotoxin was not considered to have influenced our results, because endotoxin was inactive in this assay. However, the LTAs were also contaminated with proteins (data not shown), peptidoglycans, and/or ␤-glucan. Recently, De Kimpe et al. (6) reported that peptidoglycan and LTA acted in synergy to induce cytokines and nitric oxide synthases and caused shock in rats. Therefore, we prepared purified LTA from S. sanguis according to the method of Fischer et al. (10) , in which proteins, endotoxin, and peptidoglycans/␤-glucan were detected negligibly. The purified LTA thus obtained enhanced the production of HGF/SF in gingival fibroblasts and exhibited a synergistic effect with IL-1␣ to produce HGF/SF in the cells (Fig. 5) .
At present, the mechanism of the synergistic effect of LTA and rHuIL-1␣ on the stimulation of gene expression of Hu-HGF is not clear. Miyazawa et al. (28) reported three consensus sequence elements in the HuHGF promoter region, namely, nuclear factor for IL-6 expression binding site (NF-IL6) (1), IL-6 response element (IL-6RE) (19) , and nuclear factor B (NF-B) binding site (25) , which are located at positions Ϫ151 to Ϫ143, Ϫ304 to Ϫ299, and Ϫ1019 to Ϫ1010 from the major transcription initiation site, respectively, and Tamura et al. (42) have suggested the involvement of these sequence elements in HuHGF induction by IL-1␣, IL-1␤, and tumor necrosis factor alpha in fibroblasts. In addition, Plaschke-Schlütter et al. (35) recently identified two regulatory sequences in the mouse HGF promoter region by deletion mapping followed by chloramphenicol acetyltransferase assays and footprint analysis, namely, a negative element at positions Ϫ258 to Ϫ239 from the major transcription start site and a positive element near the major transcription start site (Ϫ66 to ϩ34). Because the promoter sequences of mouse and human HGF genes are highly homologous up to position Ϫ453 from the major transcription start site (35) , these elements may be responsible for regulation of HuHGF gene expression by LTA or IL-1 in the fibroblasts used in this study, but further studies are needed to clarify the regulatory mechanism of HuHGF gene expression. 3 ) were seeded into each well of a 96-well culture plate in 100 l of keratinocyte-serum-free medium supplemented with 200 g of kanamycin per ml. On the next day, the cells were washed and the medium was changed to a physiological concentration (1.8 mM) of Ca 2ϩ without epidermal growth factor and bovine pituitary extract. Then, the cells were incubated with various concentrations of rHuHGF for 30 h in triplicate. During the final 6 h of culture, the cells were pulse-labeled with [ 3 H]thymidine, and then the radioactivity incorporated by the cells was measured. Values are means Ϯ standard errors of the mean. ‫ء‬ and ‫,ءء‬ significantly different from the control (medium alone), as determined by Student's t test ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01).
